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ABSTRACT 

We  present  an  assessment  of  bulk  fused  silica  and  calcium  fluoride,  and  of  antireflective  coatings  for  193-nm  lithographic 
applications.  In  the  course  of  extensive  marathon  studies  we  have  accumulated  1-5  billion  laser  pulses  on  over  100  bulk 
material  samples  at  fluences  from  0.2  to  4  mJ/cm2/pulse.  The  results  show  large  variation  in  both  initial  and  induced 
absorption  of  fused  silica  (up  to  40x  for  comparable  irradiation  doses )  and  in  densification  of  fused  silica  (almost  an  order  of 
magnitude  spread  at  the  equivalent  10-year  system  lifetime).  For  antireflective  coatings,  there  are  samples  that  undergo  no 
appreciable  degradation  when  irradiated  for  >1  billion  pulses  at  15  mJ/cm2/pulse.  However,  initial  losses  in  some  coatings 
(up  to  2%)  may  be  unacceptably  high  for  lithographic  applications. 

Keywords:  193-nm  lithography,  absorption,  densification,  laser-induced  damage,  antireflective  coatings 

1.  INTRODUCTION 

The  relentless  drive  of  the  semiconductor  industry  to  produce  faster  microprocessors  and  denser  memory  circuits  has 
led  to  a  continuous  reduction  in  critical  circuit  dimensions.  As  the  smallest  circuit  dimensions  are  pushed  below  0.25  |im, 
the  lithographic  tools  required  to  print  such  small  features  are  forced  to  employ  shorter  wavelength  sources.  In  what  may  be 
one  of  the  last  generations  of  optical  lithography,  the  tools  are  expected  to  handle  the  193-nm  excimer  laser  wavelength  by 
the  turn  of  the  century. 

Excimer  laser  lithography  at  the  193-nm  wavelength  places  stringent  demands  on  the  required  lifetime  of  optical 
components.  The  need  to  periodically  replace  the  imaging  optics  would  dramatically  increase  the  cost  of  operating  a 
lithography  system.  For  this  reason,  if  at  all  possible,  the  lens  should  have  a  lifetime  no  shorter  than  that  of  die  tool  - 
generally  targeted  at  10  years.  Within  this  time  frame,  an  element  of  a  projection  optics  system  will  experience  up  to  10u 
pulses  at  laser  repetition  rates  of  1  kHz  and  fluences  per  pulse  ranging  from  0.1  mJ/cm2  to  a  few  mJ/cm2. 

The  choice  of  optical  materials  that  would  meet  both  initial  requirements  of  the  193-nm  system  and  exhibit  the 
required  durability  is  limited.  For  instance,  some  materials  with  excellent  transmission  at  193-nm  and  good  damage 
resistance,  such  as  crystalline  quartz  and  magnesium  fluoride,  are  intrinsically  birefringent,  and  are  thus  unsuitable  for  a 
lithographic  system  which  is  polarization-sensitive.  Coupled  with  the  initial  requirements  of  low  birefringence,  candidate 
materials  must  exhibit  excellent  index  homogeneity  and  must  be  available  in  sufficient  quantity  to  meet  the  demand  of  the 
semiconductor  manufacturing  market. 

The  only  practical  materials  that  could  meet  the  above  requirements  are  crystalline  calcium  fluoride  and  amorphous 
fused  silica.  Even  these  materials  become  less  transparent  when  exposed  to  billions  of  pulses  of  low-fluence  193-nm 
irradiation. 
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In  addition  to  laser-induced  transmission  loss,  amorphous  materials  such  as  fused  silica  undergo  laser-induced 
densification  or  compaction.  The  main  manifestations  of  compaction  include  physical  shrinkage  and  a  densification-mduced 
increase  of  refractive  index.  Both  these  effects  change  the  optical  pathlength  in  an  unaging  system  and  thus  adversely  affect  its 
performance  Historically,  densification  of  glasses  has  been  observed  under  irradiation  by  a  variety  of  sources,  dating  back 
three  decades:  x-ray, 1  gamma-ray,2’3  electron,3-4  ion,5-6  and  neutron3  irradiation.  The  stadies  observed  a  remarkable 
linearity  on  a  log-log  scale  of  measured  densification,  8,  versus  dose,  D,  over  several  decades  of  dose  variation.  Accordmgly, 
the  densification  was  fitted  to  the  following  formula: 

8=k(D)x,  0) 

where  k  and  x  are  empirical  constants  with  x  <  1 . 

Recent  studies  have  addressed  193-nm  excimer-laser-induced  densification  of  excimer-grade  fused  silica.7'9  In  this 
case,  since  the  photon  energy  (6.4  eV)  is  less  than  the  bandgap  of  fused  silica  (=  9  eV  for  an  upper  valence  band  hole),  D  was 
identified  as  the  number  of  two-photon  absorption  events.  In  general,  the  form  of  equation  (1)  was  found  to  fit  the  results 
quite  well  although  a  significant  amount  of  scatter  was  reported  in  the  data  when  8  was  plotted  as  a  function  of  D.  The  x- 
parameter’was  found  to  lie  in  the  range  between  0.5  and  0.85,  and  the  ft-parameter  was  found  to  vary  as  well. 

Optical  coatings  represent  an  integral  part  of  a  193-nm  exposure  system  since  they  are  applied  to  virtually  every 
surface  either  for  antireflective,  reflective  or  beam  splitting  purposes.  As  with  bulk  materials,  there  are  concerns  about  the 
durability  and  expected  lifetime  of  these  coatings  in  a  production  environment.  Most  studies  of  coatings  damage  addressed 
measurements  of  maximum  energy  required  to  produce  damage  to  a  coating  in  a  single  laser  pulse.  I0-1 1  Very  few  studies 

have  dealt  with  durability  of  coatings  over  millions  of  pulses.12-13  .  .  . 

We  present  interim  results  of  a  comprehensive  study  designed  to  assess  the  durability  of  candidate  materials  tor 
lithographic  applications  at  realistic  irradiation  conditions.  Up  to  now  we  have  exposed  over  100  fused  silica  and  CaF2  bu 
samples  for  >109  pulses  under  fluences  that  would  match  those  encountered  in  projection  optics.  We  also  present  results  at 
our  assessment  of  antireflectance  coatings  from  five  major  suppliers  that  have  been  exposed  under  marathon  irradiation 
conditions. 

2.  BULK  MATERIALS 


2.1  Experimental 

Our  irradiation  test  bed  (see  Figure  1)  uses  193-nm  radiation  from  two  free-running  400  Hz  excimer  lasers  which  are 
temporally  interleaved  for  an  effective  800  Hz  pulse  repetition  rate.  The  incident  laser  beams  are  spatially  overlapped  by  a 
50/50  beam  splitter,  and  subsequently  distributed  along  12  beamlines  to  deliver  an  incident  laser  fluence  m  the  range  0.25  to 
>4  mJ/cm2pulse.  At  least  6  beamlines  have  a  nominal  fluence  of  1  mJ/cm  /pulse.  Each  beam  line  passes  through  three  sample 
stations  for  a  total  of  36  stations.  At  the  beginning  of  each  beamline  we  select  the  most  uniform  part  of  the  laser  beam  with  a 

5 -mm  diameter  aperture.  ,  .  . ,  ,  ,  .  . 

The  fluence  of  each  laser  in  front  of  every  sample  station  is  monitored  in  situ  with  three  pyroelectric  energy  meters, 

travelling  on  three  separate  linear  motor  tracks  that  span  the  full  width  of  the  irradiation  chamber.  A  reference  power  meter  is 
used  for  measuring  long-term  drifts  and  for  calibrating  the  energy  meter  readings.  Every  two  million  pulses  we  measure  the 
energy  from  each  laser  in  front  of  every  station  and  the  pulse  duration  of  each  laser.  In  addition  the  beam  profile  is  checked 
periodically  with  a  pyroelectric  camera.  The  apertured  beam  is  found  to  be  essentially  flat  top  (to  within  ±1 0%). 

The  whole  irradiation  setup  is  continuously  nitrogen-purged  to  eliminate  trace  amounts  of  oxygen  that  could 
contribute  to  ozone  formation  from  decomposition  by  193-nm  laser  light.  High  ozone  concentration  inside  the  chamber 
would  be  undesirable,  as  it  causes  attenuation  of  193-nm  light.  The  ozone  concentration  in  the  box  is  constantly  monitored 

and  never  exceeds  15ppb.  .  .  1  . 

All  samples  tested  in  this  study  are  designated  by  the  suppliers  as  “lithographic-grade  material.  Some  material  is 

experimental,  while  other  comes  from  production  boules.  Samples  are  provided  unpolished  with  nominal  dimensions  cf 
either  80  x  40  x  20  mm3  or  40  x  25  x  25  mm3,  and  are  then  polished  by  a  third  party  in  order  to  standardize  surface  finish 
conditions.  Unless  otherwise  noted,  all  the  samples  are  irradiated  and  measured  along  their  longest  axis,  i.  e.,  80  or  40  mm, 

respectively.^  assessment  Gf  in.situ  beamline  energies  does  allow  us  to  obtain  sample  transmission  at  each  station,  in  order 
to  achieve  better  precision  we  periodically  measure  the  transmission  of  all  samples  off-line  with  a  laser  ratiometric  system. 
The  setup  employs  a  45°  incidence  50/50  beam  splitter  that  divides  a  193-nm  laser  beam  into  a  probe  and  a  reference  beam. 
Each  beam  is  incident  onto  a  stationary  energy  meter.  The  sample  being  measured  is  placed  into  a  fixture  mounted  on  a 
linear  track  motor  that  can  slide  in  and  out  of  the  probe  beam  to  obtain  a  sample  and  a  reference  reading,  respectively  For 
each  individual  measurement,  we  ratio  the  reading  from  the  two  detectors.  Typically,  one  second  each  is  allowed  for  a 
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sample  and  a  reference  reading.  Depending  on  the  laser  repetition  rate,  10-200  transmission  readings  are  thus  averaged, 
resulting  in  a  measurement  precision  of  0.1  %,  one  standard  deviation. 

From  the  transmission  data  we  extract  an  attenuation  coefficient  per  cm,  after  correcting  for  Fresnel  losses,  and 
assuming  multiple  reflections  inside  the  sample.  All  the  attenuation  and  absorption  coefficients  reported  here  are  base  10.  For 
a  sample  of  length  /  the  internal  transmission  is: 

Ti„,=  nrl2e+(a+^"  (2) 

where  prefers  to  a  single  surface  loss,  including  both  absorption  and  scatter,  a  is  the  internal  absorption  coefficient  per  cm 
and  7  is  the  bulk  scatter  coefficient  per  cm. 

Surface  losses  are  determined  by  performing  three-axis  laser  transmission  measurements  along  the  2-,  4-,  and  8-cm 
directions,  respectively.  From  these  measurements  we  derive  the  value  of  j3=  0.0015/surface  for  either  fused  silica  or  calcium 
fluoride,  independent  of  grade.  The  magnitude  of  surface  loss  depends  on  the  polishing  conditions,  and  is  not  intrinsic  to  the 
material.  In  our  experiments  it  is  only  a  parameter  used  to  correct  the  measured  Tint.  We  note  also  that  prior  to  performing  the 
three-axis  measurements,  samples  are  irradiated  in  the  nitrogen-purged  measurement  setup  for  «105  pulses  in  order  to  remove 
airborne  adsorbates. 

The  value  of  y  at  193  nm  is  obtained  by  extrapolation  of  its  experimentally  measured  values  at  325,  442  and  633 
nm.^  Assuming  a  Rayleigh  scattering  dependence  (°c  n8// 1*),  we  obtain  y  =  0.0008  cm4  for  fused  silica  and  <0.0001  cm’1 
for  calcium  fluoride,  independent  of  material  grade. 

2.2  Densification  measurements 

We  extract  the  densification  of  the  samples  from  measurements  of  stress-induced  birefringence  at  633  nm.  In  general, 
the  densification  is  a  function  of  irradiation  geometry,  such  as  the  fraction  of  the  sample  being  irradiated.  In  order  to  apply  the 
information  obtained  from  a  specific  experiment  to  other  geometries,  we  compute  the  unconstrained  densification.8  This  is 
the  densification  that  would  occur  if  the  whole  sample  were  irradiated  and  allowed  to  compact  freely.  It  is  a  geometry- 
independent  quantity  that  is  a  function  of  only  the  material  properties  and  the  irradiation  conditions. 

The  birefringence  at  633  nm  is  measured  off-line  using  two  crossed  polarizers  and  a  photodiode  detector.  This 
system  enables  the  determination  of  the  unconstrained  densification  at  a  precision  significantly  better  than  0.1  parts  per 
million  (ppm)  at  levels  above  1  ppm.  However,  for  low  densification  values  the  measurement  is  impacted  by  the  initial  stress 
distribution  in  the  unirradiated  sample.  Our  application  of  the  birefringence  measurement  technique  does  not  permit 
subtraction  of  the  initial  stress  from  the  laser-induced  stress,  since  only  the  magnitude  but  not  the  sign  of  stress  can  be 
obtained  from  birefringence  measurements.  For  the  purpose  of  this  study,  densification  values  of  <1  ppm  are  shown  only  for 
samples  with  sufficiently  low  initial  birefringence  (<0.20  nm/cm). 

2.3  Results 

2.3.1  Initial  and  laser-induced  absorption 

Figure  2  shows  representative  absorption  trends  of  fused  silica  and  calcium  fluoride  as  a  function  of  pulse  count. 
During  the  first  100  million  pulses  a  often  appears  to  decrease  for  both  fused  silica  and  calcium  fluoride  (Figure  2A).  This 
phenomenon  may  be  attributed  to  a  slow  laser  induced  surface  cleaning,  or  to  partial  bleaching  of  the  bulk  material.  The 
lowest  value  of  a  may  be  less  than  one  fifth  of  its  value  as  measured  in  the  first  few  pulses  (see  top  trace  Figure  2A).  After  the 
initial  decrease,  the  induced  absorption  may  either  level  off  (Figure  2A,  top  and  bottom  traces)  or  continue  to  grow  steadily, 
sometimes  at  a  very  slow  rate  (Figure  2A  middle  trace).  A  different  feature  of  the  absorption  shown  in  Figure  2B  is  the 
saturation  of  a  in  some  materials.  Note  that  in  this  case,  the  saturation  level  (0.017  cm4)  is  too  high  for  the  material  to  be 
useful  for  lithographic  applications  (see  discussion  below).  Finally,  under  our  conditions  there  is  no  evidence  of  sudden 
absorption  transition  (SAT)  15  to  at  least  5  billion  pulses. 

Figure  3  shows  the  initial  and  added  absorption  of  samples  that  have  been  exposed  to  a  nominal  fluence  of  1 
mJ/cm2/pulse.  Twenty  Si02  and  CaF2  samples  were  selected  for  this  figure  from  over  100  samples  exposed  under  marathon 
irradiation  conditions.  The  initial  absorption  values  plotted  here  are  the  lowest  a,  which  occur  sometimes  at  the  start  of 
irradiation  and  sometimes  up  to  ~  100  million  pulses  later  (see  Figure  2).  Several  trends  emerge  from  an  analysis  of  Figure  3: 

1.  Many  of  the  fused  silica  samples  exhibit  total  a  (initial  plus  added)  in  excess  of  0.002  cm4  by  the  time  their 
irradiation  is  completed.  For  a  projection  optics  system  comprised  of  a  half  meter  of  glass,  this  value  of  a  would  result  in  a 
20  %  transmission  loss.  This  relatively  high  level  of  a  is  primarily  caused  by  a  combination  of  the  short-wavelength  tail  of 
the  -  220-nm  E’  color  center  and  the  long-wavelength  tail  of  color  centers  below  190  nm.  By  contrast,  high  purity  calcium 
fluoride  appears  to  have  an  inherently  higher  damage  resistance  than  fused  silica  (see  also  Ref.  12).  The  degradation  in 
transmission  of  CaF2  is  primarily  caused  by  impurities,  since  there  are  no  intrinsic  color  centers  in  the  vicinity  of  193  nm. 
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2.  Significant  variation  in  performance  exists  for  both  fused  silica  and  calcium  fluoride  materials.  For  instance,  for 
different  grades  of  fused  silica,  induced  absorption  after  similar  irradiation  dose  can  differ  by  up  to  40  x  (cf.  Samples  A  and  A’ 
in  Figure  3).  The  cause  of  such  variation  may  be  related  to  pre-existing  defects,  annealing  history,  OH  content,  H2  content,  or 

other  parameters.  .  , 

3.  There  does  not  appear  to  be  a  correlation  between  initial  absorption  and  added  absorption,  especially  tor  lused 
silica.  For  instance,  the  added  absorption  of  sample  B  of  Figure  3  is  comparable  to  that  of  sample  B’;  however,  the  initial 
absorption  of  sample  B  is  40  times  lower.  This  observation  suggests  that  material  selection  on  the  basis  of  initial 
transmission  measurements  might  be  difficult.  Rather,  a  good  statistical  database  must  be  available  for  each  grade  of  material 
considered.  From  the  fundamental  science  point  of  view,  this  result  supports  the  model  that  different  phenomena  are 
responsible  for  the  initial  (one-photon)  absorption  versus  induced  (multiphoton)  color-center  formation  in  fused  silica. 


2.3.2  Densification 

Figure  4  presents  a  summary  of  unconstrained  densification  measurements  plotted  as  a  function  of  D  for  all  the 
samples  exposed  in  the  fluence  range  of  0.25  to  >4  mJ/cm2/pulse.  The  dashed  vertical  line  indicates  an  equivalent  10-year 
lifetime  dose  at  a  fluence  of  0.1  mJ/cm2/pulse.  The  plot  includes  the  data  from  over  20  samples,  presented  on  a  single  chart 
to  verify  the  applicability  of  a  universal  scaling  law  for  all  the  materials.  There  is  a  considerable  variation  in  densification 
across  samples,  resulting  in  almost  an  order  of  magnitude  difference  for  the  lifetime  dose  of  25  Mp*mJ2/cm4/ns.  There  does 
not  appear  to  be  a  scaling  law  with  unique  coefficients  k  and  x  that  could  describe  all  samples.  However,  the  seemingly 
quasi-random  data  points  in  Figure  4  are  in  fact  comprised  of  individual  strands  belonging  to  data  from  separate  samples 
obeying  Equation  (1),  each  with  its  own  k  and  x.  For  illustrative  purposes  Figure  4  shows  two  such  strands  of  data, 
belonging  to  two  separate  samples:  k  -  0.46,  x  =  0.43  for  sample  1,  and  k  —  0.34,  x  —  0.55  for  sample  2.  The  variations  of 
densification  rates  shown  on  Figure  4  can  be  attributed  to  differences  among  samples,  among  grades,  or  experimental 
conditions.  More  data  are  needed  to  verify  the  inter-batch  and  intra-batch  consistency  for  given  grades. 


3.  OPTICAL  COATINGS 

In  an  earlier  work  we  have  described  preliminary  results  from  our  assessment  of  one-sided  antireflective  coatings 
under  marathon  irradiation  conditions  (>109  pulses).16  We  have  now  completed  an  evaluation  of  two-sided  antireflectance 
coatings  from  five  different  manufacturers.  The  coatings  were  exposed  at  fhiences  of  13-15  mJ/cm  /pulse  for  1  to  1.2  billion 
pulses.  Every  200  million  pulses  the  transmittance  and  reflectance  of  the  coatings  is  measured  ex-situ,  using  a  12-degree 
spectrophotometer  reflectance  attachment.  Before  beginning  marathon  exposures,  coatings  were  exposed  in  a  ratiometric 
measurement  setup  (see  above)  to  monitor  effects  of  laser  cleaning.  The  results  of  our  findings  can  be  summarized  as  follows. 

1 .  Laser  cleaning  of  coatings  was  found  to  vary  in  magnitude,  depending  on  the  sample,  from  <0.5%  to  =  1.5  %.  The 
main  manifestation  of  the  cleaning  is  transmission  recovery  with  very  small  reflectance  changes.  The  time  scale  for  laser 
cleaning  could  be  as  short  as  104  pulses  or  as  long  as  106  pulses  at  fluences  of  10  mJ/cm  /pulse.  Longer  cleaning  times  were 
observed  at  lower  fluences. 

2.  initial  losses  in  the  antireflective  coatings  after  laser  cleaning(defined  as  100  %  -  Reflectance  —  Transmittance)  varied 
from  <0.4  %  to  almost  2%.  Initial  losses  did  not  affect  subsequent  coating  durability.  While  specific  optical  designs  cf 
lithographic  systems  may  place  different  constraints  on  the  maximum  allowable  losses  per  coating,  values  of  2%  loss  are 
probably  unacceptably  high. 

3.  Several  antireflectance  coatings  reached  10  pulses  with  minimum  detectable  degradation.  In  some  cases,  tor 
coatings  deposited  on  CaF2  substrates,  losses  appeared  to  decrease  for  up  to  1  billion  pulses.  The  amount  of  this  decrease 
(0.5-1  %)  is  substantially  higher  than  that  expected  from  extrapolation  of  bleaching  of  bulk  CaF2  (see  Figure  2  A,  bottom 
trace).Therefore,  such  a  decrease  in  loss  must  be  a  surface  phenomenon. 
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Figure  1.  Experimental  layout  of  the  bulk  marathon  irradiation  setup. 
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Figure  2  A.  Absorption  coefficient  of  two  fused  silica  samples  (top  and  middle  trace)  and  a  calcium  fluoride  sample  (bottom 
trace)  as  a  function  of  number  of  pulses.  The  fluence  is  1  mJ/cm2/pulse. 
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Figure  2  B.  Absorption  coefficient  of  a  fused  silica  sample,  showing  saturation  of  absorption  with  exposure  in  millions  of 
laser  pulses.  The  fluence  is  1  mJ/cm2/pulse. 
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Figure  3.  Initial  and  added  absorption  coefficients  of  14  fused  silica  and  6  calcium  fluoride  representative  samples.  The 
numbers  on  the  x-axis  refer  to  the  maximum  number  of  pulses  (in  billions)  that  the  samples  have  experienced.  Nominal 
fluence  is  1  mJ/cm2/pulse.  See  text  for  more  details. 
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Figure  4.  Laser-induced  densification  as  a  function  of  two-photon  dose  for  SiC>2  samples.  The  units  of  dose  are  (millions  of 
pulses  •  mJ2/cm4/ns).  The  vertical  dashed  line  refers  to  an  approximate  lifetime  dose  of  25,  corresponding  to  ten  years  of  full¬ 
time  operation  at  0.1  mJ/cm2/pulse.  Also  shown  are  two  series  of  data  points  corresponding  to  two  separate  samples  and  the 
least  squares  fit  results  to  the  equation  (1).  (See  text  for  details.) 
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